





















There are four types of technologies used:
• Monitored Drift Tubes (MDT); 
• Cathode Strips Chambers (CSC); 
• Resistive Plate Chambers (RPC);
• Thin Gap Chambers (TGC).
The MDTs are the primary source of measurements and have a 
precision of 80 µm per tube. However, they only measure the 
position in the bending plane (η) and not the position along the wire 
(the ϕ coordinate). In total, there are 339k tubes, spread over 1108 
chambers. 
 The CSCs are used in forward regions (2<⎮η⎮<2.7) where their high 
rate capability and time resolution is vital. 32 chambers provide 30.7k 
channels with a resolution of about 60 µm in the bending (η) plane, 
and 5 mm in the 
transverse plane (ϕ).
 The  RPCs and TGCs 
have a faster response 
time, being designed 
primarily for the trigger. 
They provide a 
measurements of the η 
and ϕ coordinates for 
tracking, with a resolution 
of ~1cm each. 
There are  560 RPC 




The purpose of the Muon 
Spectrometer is to measure the 
momentum and position of muons 
passing through its volume.
The reconstruction of the muon trajectories is 
performed in two consecutive steps. First, 
track segments are reconstructed locally in 
individual chambers, then track segments are 
combined to form track candidates.  
In the barrel the 
momentum of the 
tracks is measured by 
determining the 
deviation (sagitta) 
of the trajectory 
from a straight 
line. The magnitude of 
the sagitta is inversely 
OVERVIEW OF THE MUON 
SPECTROMETER
The Muon Spectrometer forms the outer layer of ATLAS, and is 
designed to detect tracks in the region 0<⎮η⎮< 2.7.  It consists of a 
barrel section and two endcaps, all made up of  three layers of 
chambers fitted around the toroidal magnets.
Group photo taken 
during the event 
celebrating the 
completion of the 
installation of all 
sectors of the ATLAS 
Big Wheel in the 
cavern. [Sep. 2007]
An endcap wheel of the Muon Spectrometer in the ATLAS 
cavern.
[October 2006]
"Big Wheel" endcap muon MDT sector Installation of a barrel chamber
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INTRODUCTION TO ATLAS
ATLAS is a general purpose detector designed to record proton-
proton collisions from the  Large Hadron Collider (LHC). The LHC 
consists of two 27km circumference rings, accelerating proton beams 
to a combined energy of 14 TeV.
With dimensions of 46m by 25m and weighing 7000 tons, ATLAS is 
the largest particle physics detector ever built, yet must make 
extremely precise measurements (from ~10µm) very rapidly (there are 
collisions every 25ns). It consists of several sub-systems: the Inner 
Detector, which measures the trajectories of charged particles near 
the collision point; the Calorimeters, which measure the energies of 
charged and neutral deposition; and the Muon Spectrometer,  which 
measures the trajectories of charged particles exiting the calorimeter. 
In addition, there are two magnet systems: an inner magnet 
producing a solenoidal field of 2T, and an outer magnet producing a 
toroidal field of ~0.5T.
The ATLAS collaboration itself is of impressive size: it is made up of 
over 1900 scientists, from 164 universities/laboratories and 25 
countries.
COMMISSIONING
ATLAS is currently being commissioned: 98% of barrel stations are 
installed  and the endcaps are also well advanced.
As part of this process, there have been several periods of data-
taking and the full software chain has been used to reconstruct these 
cosmic ray muons. The figure to the right shows a reconstructed 
muon track curving in the magnetic field of the barrel toroid.
The recording of cosmic data will continue right up to first collisions 
and will continue to be used to integrate and test ATLAS software.
PERFORMANCE
The Muon Spectrometer is vital to the 
ATLAS physics program since the 
muon track momentum resolution is 
dominated by the Muon Spectrometer 
at high momentum.
The track finding efficiency is about 
90% for 5<pT<20 GeV/c and >96% for 
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Correlation between acceptance and 
maximum momentum resolution. 
Each curve is labelled with the appro-
priate pT-value. Only the muon spec-
trometer is used in the measurement.
For pT < 100 GeV:
!pT/pT < 4% for > 82% of "#$
                < 10% for > 97%
Figure 94. The muon barrel consists of three
cylindrical chamber layers, segmented in 16 sec-
tors of Large and Small chambers. (x-scale to be
added)
Figure 95. In the longitudinal direction muon cham-
bers are arranged in projective towers seen from the
interaction point (schematic). (CSC’s to be added)
In fact, simulations have shown that the probability of a track with pT > 6 GeV is about 6×10−3
per beam crossing, corresponding to about 5× 10−6 per chamber. Assuming uncorrelated tracks,3905
this leads to a negligible probability to find > 1 track in any MDT/trigger chamber pair. 11
The dimensions of the MDT in inner, middle, and outer layer are projective, i.e. their respec-
tive size increases in relation to their distance from the origin.
While the segmentation in the azimuthal r− ! plane follows a hexadecimal symmetry, in
a sequence of small and large sectors (Fig. 94), the structure in the longitudinal r− z-plane is3910
segmented in projective "towers" with three towers in barrel and end-cap each. Hence, infinite
momentum tracks will travel inside the same sector and tower, while finite momentum tracks may
cross tower boundaries due to their curvature. Fig. 95 shows the tower structure in the r− z-
direction.
The MDT chambers cover the region |" |< 2. There are 1172 MDT chambers of 18 main types3915
in the detector with a total area of 5500 m2. Besides the ”main” type chambers a considerable
number of chambers with ”special” shapes has been built to minimize acceptance losses in the
regions around the magnet coils and support structures.
In the very forward region (2 < |" | < 2.7) a higher rate of correlated tracks may be encoun-
tered. This problem is particularly severe in the first chamber layer, where tracks have not been3920
separated by the magnetic field. The CSC chambers are designed to measure both coordinates of
a track and in addition resolve ambiguities if more than one track is present, using the measured
charge deposition in both directions. In the final installation each track will be measured in eight
subsequent CSC layers as is the case for the adjacent MDT’s. 32 CSC’s on each side will then be
installed, covering an area of about 65 m2 in total.3925
11Correlated close-by muon pairs may be caused by 2-body-decays of low-mass particles. The corresponding ambi-
guities may be resolved by matching muon track candidates with tracks from the inner detector.
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proportional to the 
momentum of the muon. At 
1 TeV the average sagitta is 
about 500 µm. The design 
resolution at this momentum is 
10% (50 µm).
The situation is slightly different in 
the endcaps as no position 
measurement is available inside the 
toroid. Instead a point-angle 
measurement is used to determine the 
momentum.
LOCAL TRACK SEGMENT 
RECONSTRUCTION
The MDT and CSC detectors provide 4 to 8 η measurements per 
chamber. In the first stage of the pattern recognition, they are used 
as independent tracking detectors to reconstruct the local trajectory 
of muons. Within the chamber the trajectories of the muons can be 
described by a straight line which simplifies the pattern recognition. 
Track segments are formed from the MDT/CSC η measurements and 
associated  measurements from the RPC/TGC.
 
These reconstructed track segments measure the position of the 
muon in the bending plane (η) with a precision of 40 µm. In addition 
the MDT chambers measure the track angle in the bending plane with 
a precision of about 0.3 mrad. 
GLOBAL TRACK RECONSTRUCTION
The locally reconstructed track segments are used as seeds for the global track 
finding. Segments found in the outer chambers are combined with segments 
from the inner layers of the spectrometer. A track fit is used to combine 
segments into a track candidate. The procedure is repeated until the innermost 
station of the spectrometer is reached and at this stage, the track candidate is 
refitted (taking into account multiple scattering and energy loss) to obtain the final 
parameters of the track in the Muon Spectrometer. 
Finally, the parameters of the muon at the collision point are obtained by 
combining the Muon Spectrometer track with an associated Inner Detector track 
and calorimeter measurements (again taking into account energy loss, etc.). 
The software is modular, with several different approaches being developed for 
each step of the reconstruction chain.
The Muon Spectrometer Barrel, showing the three 
layers of chambers, and the toroidal magnets.
A cut-away of the ATLAS detector (created with the VP1 event display) of a 
simulated Z→μμ event. 
Inner Detector tracks are shown (in the centre) in red, whilst the reconstructed muon 
track is orange. The segments used to create the muon track are shown in yellow 
and are projected on to the ends of their respective muon chambers.
A slice through a barrel chamber, showing the 
reconstructed segment (yellow), the track (orange) and 
the measurements used to create them (red and 
purple). The red measurements are “drift circles” from 
the MDTs, whilst the purple are RPC strips.
The Persint event display showing a recorded cosmic 
ray event. For clarity, only the active muon stations (and 
some of the toroidal magnets) are shown.
Momentum resolution as a function of 
transverse momentum.
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FIGURE 4. Momentum resolution of the barrel muon system in stand-alone mode. Left: ATLAS [? ]. Right: CMS [? ] (the
contributions to the resolution are estimates by the author of this article).
caused by multiple scattering in the muon spectrometer. For p
µ
T > 300 GeV/c the curvatures of the muon trajectories
in the muon spectrometer are so small that the intrinsic spatial resolution of the chambers and the limited accuracy
of the chamber alignment dominate the momentum resolution of the spectrometer. In the CMS muon system, the
transverse momentum resolution is limited by the chambers resolution for high values of p
µ
T , but multiple scattering of
the muons in the iron yoke is the dominant contribution to its transverse momentum resolution up to p
µ
T =400 GeV/c.
The transverse momentum resolution is proportional to the amount of multiple scattering and inversely proportional
to the bending power of the magnetic field in the muon system. The amount of multiple scattering is about 14 times
larger in CMS than in ATLAS, but the bending power of the magnetic field is 5 times larger in CMS than in ATLAS

























































FIGURE 5. Momentum resolution of the ATLAS and CMS detector after combining the momentum measurements of the inner
detectors and the muon systems [? ][? ]. Left: Momentum resolution for muons in the barrel region. Right: Momentum resolution
for muons in the endcap region.
Momentu  resolution of the barrel Muon 
Spectrometer in stand-alone mode.
